Abnormal cortical circuits underlie some cognitive and psychiatric disorders, yet the molecular signals that generate normal cortical networks remain poorly understood. Semaphorin 7A (Sema7A) is an atypical member of the semaphorin family that is GPI-linked, expressed principally postnatally, and enriched in sensory cortex. Significantly, SEMA7A is deleted in individuals with 15q24 microdeletion syndrome, characterized by developmental delay, autism, and sensory perceptual deficits. We studied the role that Sema7A plays in establishing functional cortical circuitry in mouse somatosensory barrel cortex. We found that Sema7A is expressed in spiny stellate cells and GABAergic interneurons and that its absence disrupts barrel cytoarchitecture, reduces asymmetrical orientation of spiny stellate cell dendrites, and functionally impairs thalamocortically evoked synaptic responses, with reduced feed-forward GABAergic inhibition. These data identify Sema7A as a regulator of thalamocortical and local circuit development in layer 4 and provide a molecular handle that can be used to explore the coordinated generation of excitatory and inhibitory cortical circuits.
T he semaphorin family of guidance molecules comprises mostly secreted proteins that are expressed in the embryonic brain, where they guide growing axons and developing vasculature via interactions with their canonical receptors, the neuropilins and plexins (1) . Semaphorin 7A (Sema7A) is an atypical member of this family in that it is membrane-anchored by a GPI-linkage, it is principally expressed postnatally in the nervous system, and it activates β1-integrin-containing receptors (2-4) in addition to Plexin C1 (5, 6) . Additionally, in the developing olfactory system, Sema7A promotes axon growth but does not impart directional cues (2) . These data indicate that Sema7A influences postnatal brain development in ways that are distinct from other semaphorin guidance cues, yet precise roles remain to be defined.
Sema7A mRNA is highly enriched in mouse somatosensory cortex during postnatal development (7, 8) , a period when a confluence of molecular cues and activity is required to generate a highly organized pattern of thalamocortical and corticocortical connections in and outside of layer 4 (L4) (9, 10) . The proper establishment of such organized connectivity is critical for normal sensory function (11) . In humans, microdeletions in chromosome 15q24, which include SEMA7A, are associated with a syndrome characterized by autism, developmental delay, and abnormalities in somatosensation (12) (13) (14) . Together, these data suggest that Sema7A may contribute critically to the establishment and functional maturation of patterned synaptic circuits.
The anatomical and functional development of the barrel cortex, which is a specialized part of the mouse primary somatosensory cortex (S1), is well characterized as an archetype for studying development of patterned cortical connectivity. Using mouse barrel cortex as a model, we find that loss of Sema7A impairs development of barrels, affects patterning of L4 spiny stellate cell dendrites, and alters the balance of excitation and inhibition evoked by thalamic input. Thus, we identify Sema7A as a regulator of thalamocortical and local circuit development in L4, providing insight into the molecular control of developmentally regulated pathways essential for normal cortical function.
Results
Sema7A Becomes Enriched in L4 of S1 as Barrels Emerge. Previous in situ hybridization studies show that Sema7A mRNA is expressed in cortical neurons beginning shortly before birth and is particularly enriched in S1 (7, 15) . We examined protein expression by Western blots of S1 lysates and found that a low level of Sema7A protein was present initially in S1 at birth, increased substantially over the first two postnatal weeks, and then returned to modest levels thereafter ( Fig. 1 A and B) . This time period of enriched expression is significant, because a topographic anatomical and functional map of the whisker array on a mouse's contralateral snout emerges in L4 during the first postnatal week (16) . The map comprises whisker-related clusters of thalamocortical axon terminations in L4, each of which is circumscribed by a wall of spiny stellate cells, thereby forming a "barrel," with spiny stellate cell dendrites oriented toward barrel centers. The septa (space between adjacent barrels) are thin in mice (17) .
We determined where Sema7A protein is localized in relation to barrels and septa by immunolabeling coronal sections through S1 for Sema7A. At birth [postnatal day (P) 0], Sema7A immunolabeling was observed mostly in L1 and the underlying white matter (WM), with modest labeling detected just beneath the cortical plate (Fig. 1C, Left) . Over the next few days, Sema7A labeling diminished in WM but intensified in barrel-like patches Significance Sensory experience exerts profound control over the structure and function of developing cortical circuits during an early postnatal critical period. Abnormalities in this process contribute to perceptual and cognitive deficits, but molecular mechanisms generating excitatory and inhibitory cortical networks during this period remain poorly understood. We show here that Semaphorin 7A (Sema7A) is highly expressed in mouse somatosensory cortex when tactile information conveyed by the thalamus shapes development of somatosensory cortical networks. In mice lacking Sema7A, the anatomical layout of the somatosensory cortex is disrupted, dendritic arbors are misoriented, inhibitory connections develop abnormally, and thalamocortical activity fails to elicit a normal balance of excitation and inhibition. Taken together, our data indicate that maturation of thalamocortical and local circuits in cortex requires Sema7A.
in L4 (Fig. 1C, Center) . To verify that the Sema7A patches in L4 corresponded to barrel-related patches, we immunolabeled tangential sections through the barrel field for Sema7A and Nisslcounterstained them to reveal barrel cytoarchitecture. In sections taken during the first postnatal week, each L4 patch of Sema7A labeling was circumscribed by a wall of L4 neurons, confirming barrel localization (Fig. 1D) . Beginning in the second postnatal week, immunolabeling for Sema7A diminished in L4, the distinct borders between barrels evident by Sema7A labeling disappeared, and there was a modest increase in Sema7A labeling in superficial and deep layers (Fig. 1C, Right) . These data indicate that Sema7A is expressed at a time and place appropriate for significantly influencing the coordinated events that underlie the highly ordered connections in L4, including synapse formation, axonal clustering, and dendritic orientation.
Sema7A Is Required for Generating a Normal L4 Whisker-Related Map.
We compared the organization of barrel cortex of WT mice with that of Sema7A KO (Sema7A-KO) mice (2) . Immunolabeling and Western blotting confirmed that Sema7A was decreased in S1 from Sema7A heterozygous mice and was absent in Sema7A-KO mice ( Fig. 2 A and B) . Nissl staining showed cortical lamination was unchanged in Sema7A-KO mice in comparison to WT mice (Fig. S1) , and immunolabeling for cortical neuron type-specific transcription factors Satb2, Ctip2, and RAR-related orphan receptor-β (ROR-β) confirmed that the generation and migration of principal neurons proceeded normally in the absence of Sema7A (Fig. S1 ).
We next compared L4 barrel organization in tangential sections from WT, Sema7A heterozygous, and Sema7A-KO mice at P9. We used immunolabeling for vGlut2 to label thalamocortical terminations originating from neurons in the thalamic ventral posterior medial (VPM) nucleus selectively (18) and Nissl staining to delineate L4 barrel cytoarchitecture. In Sema7A-KO mice, vGlut2 immunolabeling was concentrated in L4 similar to WT mice, indicating that in the absence of Sema7A, thalamic axons grow into the cortex and reach L4 appropriately (Fig. 2 C vs. D) . However, the barrel-related pattern of thalamocortical axon terminals within L4 was abnormal, with misshapen or disrupted barrel clusters of vGlut2 labeling (Fig. 2 C-E) . Concomitantly, Nissl staining showed that barrel cytoarchitecture was also disordered, with thinner, less densely packed L4 barrel walls and wider than normal septa (Fig. 2 C and D) . No differences in barrel organization were observed between WT and heterozygous mice. Thus, loss of Sema7A significantly alters pre-and postsynaptic cellular components of barrel architecture in L4.
Sema7A Is Required for the Generation of Normally Oriented Dendritic
Arbors in L4 Barrels. The emergence of L4 barrel cytoarchitecture during the first few postnatal days is a dynamic process. Ingrowth and clustering of thalamocortical afferent terminations is matched by progressive reorientation of L4 spiny stellate cell dendrites from a mostly radially symmetrical pattern to one in which dendrites orient toward the barrel centers (19, 20) . Thus, we hypothesized that the disrupted barrel cytoarchitecture in the Sema7A-KO mice could reflect a failure of spiny stellate cell dendrites to orient properly. To investigate this possibility, L4 spiny stellate cells were filled with Lucifer yellow or labeled using Golgi staining, and dendrites were traced and mapped. As expected, dendritic trees of neurons from WT or heterozygous mice oriented toward barrel centers (Fig. 2 F and G). In contrast, dendritic trees of neurons from Sema7A-KO mice displayed a wider range of orientations, with some arbors oriented toward barrel centers, whereas many others were nearly radial ( Fig. 2 H and I ). To compare arbor orientation quantitatively, a symmetry index (SI) was generated for each neuron in which appropriately targeted arbors have an SI closer to 0 (Materials and Methods). The average SI for Sema7A-KO neurons was significantly greater and the range was wider than in control neurons ( Fig. 2J ), verifying abnormal dendritic orientation in the absence of Sema7A. To determine if the observed effects on dendritic orientation are cell-autonomous, Sema7A was selectively knocked down in L4 spiny stellate cells by in utero electroporation of Sema7A shRNAs at embryonic day (E) 14.5. A shRNA sequence that decreased Sema7A protein levels to 20%, on average ( Fig. 3 A and B) , significantly increased dendritic tree symmetry compared with neurons expressing a control shRNA, with no detectable effect on dendrite length (Fig. 3 C-G). These data indicate that Sema7A regulates dendritic orientation in cortical barrels in a cell-autonomous manner.
Sema7A Is Dispensable for the Development of Upstream Somatosensory
Relays. Abnormalities in the L4 whisker map could arise de novo in the cortex, or they could reflect disruptions in the whisker maps that form earlier in upstream relay centers, namely, barreloids in the thalamic VPM nucleus or barrelettes in the brainstem principal trigeminal nucleus. To distinguish between these possibilities, we first asked whether Sema7A was present in the VPM nucleus when barreloids are developing. Although Sema7A mRNA is expressed in the VPM nucleus at E18 (7), immunolabeling for Sema7A protein was undetectable in the VPM nucleus at P0 (Fig. S2A) , a time when cortical labeling is clearly evident in the same sections (e.g., Fig. 1C ). Western blots confirmed that protein levels were very low at birth in whole-thalamus lysates; they also showed that developmental increases in thalamic Sema7A levels trailed the cortical surge in Sema7A levels ( Fig.  1A and Fig. S3 C and D) . Consistent with a virtual absence of Sema7A protein in the VPM nucleus at birth, there were no differences in the appearance or size of barreloids between Sema7A-KO and WT mice (Fig. S2 E and G) . Further upstream, barrelettes in the principal trigeminal nucleus of Sema7A-KO mice also displayed normal morphology (Fig. S2F) , as did the whiskers and whisker pads. Thus, we conclude that whiskerrelated maps in the thalamus and brainstem do not require Sema7A to develop because Sema7A protein is not yet expressed in those centers at the time when their maps are formed. This conclusion means that, in the absence of Sema7A, cortical map defects arise de novo in L4.
Cellular Localization of Sema7A. To identify the neurons contributing to Sema7A immunolabeling in cortex, we first examined Sema7A distribution in dissociated cocultures of cortical neurons transfected with GFP and thalamic neurons identified by expression of lymphoid enhancer-binding factor 1 (Lef1) (21) . Most cortical neurons displayed low levels of Sema7A immunolabeling, which can be seen principally as punctate staining along the plasmalemma, but a subpopulation of cortical neurons expressed higher levels of Sema7A (Fig. 4 A and B) . Thalamic neurons displayed little to no labeling for Sema7A (Fig. 4A) . Coimmunolabeling with markers of cell identity revealed that the strongly immunoreactive cortical neurons were spiny stellate cells, identified by coexpression of ROR-β, and GABAergic interneurons, identified by coexpression of GAD65 (Fig. 4 B and C) . In fixed tissue sections through L4 barrel cortex, Sema7A labeling was mostly punctate; such puncta colocalized rarely with vGlut2 but commonly with GAD67 ( Fig. 4 D and E). Consistent with this pattern, at the ultrastructural level, clusters of Sema7A immunogold labeling were found at symmetrical synapses in S1 (Fig.  4F ) and in inhibitory presynaptic terminals also labeled for GAD67 (Fig. 4G ).
Disrupted GABAergic Neuron Maturation in Sema7A-KOs. Because Sema7A is enriched in GABAergic interneurons, we asked whether it influences development of GABAergic connectivity. Immunoblotting of S1 synaptoneurosome fractions taken from WT or Sema7A-KO mice showed that GAD67 and GAD65 levels were similar at P6 but failed to increase by P16 in Sema7A-KO mice compared with the normal increase in levels observed in WT mice ( Fig. 5 A and B) . This decrease was not observed in lysates, but in tangential sections through L4 barrels in the second postnatal week, the density and size of GAD67 immunolabeled puncta, typically presynaptic terminals, were significantly decreased in Sema7A-KO mice relative to those in WT mice ( Fig. 5  C and D) . Labeling for parvalbumin neurons, the major subtype of L4 GABA neurons (22) , appeared similarly diminished (Fig.  S3A) , although the density of parvalbumin neurons appeared equivalent between genotypes (Fig. S3B) . In contrast, the density and size of vGlut2 puncta were similar between genotypes (Fig. 5 E and F), consistent with the low levels of Sema7A colabeling at vGlut2-positive puncta (Fig. 4D) . Diminished GABAergic innervation in Sema7A-KO mice is transient, because the density and size of GAD67 puncta in young adult mice (P46) were comparable to WT (t test, P = 0.7 and P = 0.6, respectively; n = 3 animals per group). Failure of GABAergic circuitry to develop normally in Sema7A-KO mice suggests that the maturation of synaptic inputs onto L4 cells might be altered. Spiny stellate cells receive feedforward inhibition from GABAergic interneurons that are recruited by thalamocortical axons (23) . This inhibitory component matures during the second postnatal week. An increasing number of studies show that cortical GABA neuron-driven inhibition scales with evoked excitation in individual cells, even though both synaptic currents can vary widely in amplitude from cell to cell (24, 25) . Therefore, to quantify evoked feedforward inhibition, we compared the mean evoked excitatory postsynaptic current (EPSC; AMPA) amplitude (measured at −80 mV, in absolute values) with the mean evoked inhibitory postsynaptic current (IPSC; GABA) amplitude (at 0 mV) in the same spiny stellate cell, as described previously (24, 25) (Fig. 5 G and H) . Whereas the AMPA/GABA current ratio in P4-P6 Sema7A-KO mice was not significantly different from WT, this ratio was significantly larger in Sema7A-KO mice compared with WT by P14-P16 (Fig. 5 G and H) . This increase in the AMPA/GABA ratio likely results from decreased inhibition but not from increased excitation in Sema7A-KO mice (average absolute amplitude for IPSC was 23.97 ± 1.96 in WT and 15.91 ± 0.64 in Sema7A-KO, and average absolute amplitude for EPSC was 23.21 ± 1.12 in WT and 17.41 ± 1.04 in Sema7A-KO for currents between 0 and 100 pA, with an average of three cells each per genotype). Decreased synaptic levels of GAD and an absence of change in GluA1 or GluA2 receptor expression (Fig. 5A and Fig.  S4A ) support that the abnormal excitatory-to-inhibitory ratio is driven principally by decreased feed-forward inhibition. Consistent with a decrease in the number of GABA release sites, the frequency of spontaneous IPSCs recorded from mutant spiny stellate cells was decreased significantly compared with that recorded from WT spiny stellate cells (Fig. 5 I and J) . In contrast, there were no differences between genotypes in the frequency of spontaneous EPSCs (Fig. 5K) . The amplitude of spontaneous IPSCs, but not spontaneous EPSCs, was also significantly decreased ( Fig. S4 B and C) . Taken together, these data show that Sema7A participates in the maturation of synaptic inputs onto spiny stellate cells and is critical for establishing a normal balance of excitation and inhibition.
Discussion
We show that Sema7A is essential for normal development and maturation of L4 cortical circuitry, upon which the highly organized map of the sensory periphery is based. Sema7A concentrates in developing L4 barrels during the first few postnatal days, where it is enriched in L4 spiny stellate cells and GABAergic interneurons. In the absence of Sema7A, the organization of L4 barrels is abnormal: Barrel cytoarchitecture is disrupted, spiny stellate cell dendrites fail to orient toward barrel centers, synaptic GAD levels are diminished, and functional L4 intracortical connectivity fails to mature properly. These effects arise de novo in the cortex, because subcortical barrel-related maps in thalamus and brainstem develop normally in the absence of Sema7A. Together, these data identify Sema7A as a regulator of sensory circuit maturation in L4. Sema7A appears enriched in GABAergic neurons and at GABAergic synapses, and it strongly influences GABA neuron differentiation. In the absence of Sema7A, neuronal migration through the cortical plate proceeds normally, but GAD levels were reduced in synaptosomes and the development of functional GABAergic terminals in L4 was impeded. This effect includes the parvalbumin-expressing subpopulation of GABA neurons, which furnish inhibitory synapses onto spiny stellate cells and provide feed-forward inhibition (23). Although we found that GAD levels in the mutant mice returned to WT levels by young adulthood, this biochemical recovery does not necessarily mean that sensory information processing through such cortical circuits also returns in adulthood to functional normalcy. The timing of maturation of inhibitory circuits is an important mechanism regulating excitatory-to-inhibitory balance during a critical period of sensory cortex maturation (26) (27) (28) . In L4 of primary visual cortex, premature increases in GABA can trigger precocious maturation of thalamocortical circuits, whereas decreasing GABA levels delays maturation (29) . It is likely that the altered progression of cortical circuit maturation observed in Sema7A-KO mice is due to the loss of normal GABAergic input in addition to effects on spiny stellate cell dendrites, and these effects may have longlasting consequences for proper sensory information processing.
The knockdown of Sema7A in spiny stellate neurons cellautonomously impaired spiny stellate cell dendritic orientation, which, in turn, likely disrupted barrel cytoarchitecture. Thalamocortical activity is also known to be essential for dendrite orientation in S1 (30, 31) ; of particular interest, knockdown of the activity-dependent transcription factor BTB/POZ domaincontaining 3 (BTBD3) yields a spiny stellate cell phenotype very similar to that seen with Sema7A knockdown, suggesting BTBD3 could be regulating Sema7A expression or activity (30) . However, some neurons electroporated with the Sema7A shRNA maintained correct dendritic orientation, due to inefficient knockdown, an alternative Sema7A-independent mechanism, or additional non-cell-autonomous influences on dendritic orientation. In culture, certain neurons plated on immobilized substrates of Sema7A can grow longer and, in some cases, more highly branched axons and dendrites (2, 4, 32) , suggesting that there may also be some influence of spiny stellate cells on one another. However, Sema7A expressed by spiny stellate cells does not appear to promote thalamocortical axon growth or arborization, because in the absence of Sema7A, thalamocortical axons reach L4 and generate normal terminal densities revealed by vGlut2 labeling (see additional discussion below). Rather, the cells expressing high levels of Sema7A in S1 (spiny stellate cells and GABAergic neurons) appear to show the strongest phenotypes in its absence. Downstream mechanisms are likely to be complex, because Sema7A can signal via β1-integrins and Plexin C1 alone and together in cis, in trans, or in a local autocrine fashion following cleavage (33) (34) (35) .
Because Sema7A regulates both dendrite orientation and the maturation of inhibitory inputs in L4, it is tempting to speculate that these seemingly disparate events are linked mechanistically. However, these events are separated by time and in a manner that suggests the phenotypes arise largely in parallel. Over the first few postnatal days, spiny stellate cell dendrites morph from an early radially symmetrical pattern to their characteristic orientation toward barrel centers (19, 20, 36) . This process requires normal glutamatergic thalamocortical activity (36, 37) , but there is no evidence that the low levels of GABA present during the first postnatal week (and indistinguishable between WT and Sema7A-KO mice) are required. Deficits in the development of inhibition are first detected in the second postnatal week in Sema7A-KO mice. Because Sema7A levels are expressed at high levels within GABAergic interneurons, it is likely that this dysfunction is at least partly also a cell-autonomous effect. However, an effect on inhibition may be compounded by the absence of a normal target, because conditional deletion of mGluR5 from cortical glutamatergic neurons also produces abnormally oriented spiny stellate cell dendrites and a non-cell-autonomous decrease in IPSC frequency (38) . Clearly, additional research will be required to identify the cellular mechanism by which Sema7A mediates its effects.
Our finding that Sema7A controls development of L4 barrels stands in contrast to a previous study concluding that barrel patterning was unaltered in Sema7A-KO mice (32) . This and other apparent discrepancies are likely attributable to considerable differences between studies in methods and analyses. We identified barrels within the posteromedial barrel subfield in tangential planes of section, which is optimal for consistent identification and quantification of barrels across sections and genotypes, and documented defects both by cytoarchitecture and by single-cell analysis of L4 spiny stellate cell morphology, none of which was done in the previous study by Fukunishi et al. (32) . Those investigators relied solely on vGlut2 labeling in coronal sections to identify barrel-related patterning. However, vGlut2 labeling is not necessarily sensitive enough to reflect L4 barrel cytoarchitecture. For example, in the cortex-specific GluN1 KO mouse, L4 barrels are completely eliminated cytoarchitectonically but the whisker-related clustering of vGlut2-labeled puncta in L4 is only subtly affected (39) . Additionally, we found no differences between genotypes in the density or intensity of vGlut2-labeled puncta in L4, whereas Fukunishi et al. (32) reported a diminished density of vGlut2 puncta in KO mice. This difference is harder to reconcile, although there are important differences between studies in how immunolabeling data were acquired and analyzed. Nevertheless, we found no differences between genotypes in the AMPA/GABA ratio evoked by thalamic stimulation during the first postnatal week, nor were there differences in either the frequency or the amplitude of spontaneous EPSCs recorded from L4 spiny stellate cells. The lack of changes in any of these parameters would not be consistent with a significantly reduced density of thalamocortical terminals. Thus, we have more extensively characterized the anatomy, biochemistry, and electrophysiological properties of mutant L4 neurons and circuits than previous studies to reveal disruptions at each level.
In humans, 15q24 microdeletion syndrome is characterized by intellectual disability, developmental delay, autism, and sensoryperceptual deficits. Across patients, the minimal critical deletion interval includes SEMA7A (12). The results presented here support a role for haploinsufficiency of SEMA7A in the neurobehavioral phenotypes of 15q24 microdeletion syndrome.
Materials and Methods
Animals. Sema7A-KO mice were generated by the Kolodkin laboratory (Johns Hopkins University) (2), obtained from the Jackson Laboratory, and backcrossed to a C57BL/6 background. Experiments used litters from heterozygous crosses, and genotypes showed Mendelian ratios (27% KO, 47% heterozygous, and 26% WT in 34 litters). Mice were genotyped using PCR (2). E0 was the first day of gestation, and P0 was the day of birth. Use of all animals conformed to guidelines established by the Institutional Animal Care and Use Committee of the Icahn School of Medicine at Mount Sinai, as well as those advocated by the National Institutes of Health.
Immunostaining and Western Blotting. Antibodies, reagents, and detailed procedures are described in SI Materials and Methods. Immunofluorescence was performed on 4% (wt/vol) paraformaldehyde-fixed neurons or perfused tissue sections as previously described (17, 40) . Data were imaged on a Zeiss Axiophot, Zeiss LSM 510, or Zeiss LSM 780 microscope. Brain lysates and synaptoneurosomes were prepared from dissections of S1 or thalamus (41, 42) .
Neuron Cultures. Dissociated neurons were cultured from E18 somatosensory cortex or E13.5 thalamus dissected from Sprague-Dawley rats following euthanasia. Neurons were seeded at 40,000 neurons per 12-mm diameter glass coverslip coated with poly-L-lysine. For cocultures, cortical neurons were nucleofected with pCAG-GFP at the time of plating and thalamic neurons were plated on top. Detailed procedures are provided in SI Materials and Methods.
Image and Dendrite Analysis. Immunolabeling for synaptic markers was visualized with an objective with a magnification of 100× on a confocal microscope and was quantified in single optical sections using ImageJ (National Institutes of Health) by a researcher blinded to condition, as detailed previously (43) . All image analyses included minimally three sections per animal and three animals per genotype (see figure legends). Two approaches were used to label dendrites in fixed slices. In the first, Nissl-stained (NeuroTrace) spiny stellate cells, identified by their position in barrel walls, were filled with Lucifer yellow dye (44) . In the second, neurons were labeled using Golgi Staining (FD Neurotechnologies) and counterstained with cresyl violet to identify barrels. For in utero electroporation, DNA [pCAG-GFP + scrambled shRNA (control) or pCAG-GFP + shSema-7A no. 4 (SABiosciences), both at 1:3 ratio mixed with 0.1% FastGreen (Sigma-Aldrich)] was delivered to E14.5 CD1 mouse embryos using 7-mm tweezertrodes (Harvard Apparatus) oriented parallel to the midline, with the cathode toward the putative somatosensory cortex ipsilateral to the DNA-injected ventricle. Electroporated pups were perfused with 4% (wt/vol) paraformaldehyde at P8-P9, immunostained for GFP and vGlut2 (to delineate barrel centers), and counterstained with DAPI. All arbors were traced using Neurolucida (MBF Bioscience) by an investigator blinded to genotype. Resulting polar histograms were aligned such that the start of the widest arc having few to no dendrites was set at 0°and an SI was generated by dividing total process length between 0°and 179°by length between 180°and 359°. An SI of 1 is uniform.
Electrophysiology. Acute thalamocortical slices were prepared for wholecell recording at different ages as previously described (45, 46) . GABA A receptor-mediated currents were recorded at 0 mV, and AMPA receptormediated currents were measured at −80 mV. The identity of these currents was confirmed pharmacologically using 50 μM picrotoxin or 25 μM 6,7-dinitroquinoxaline-2,3-dione. The AMPA/GABA ratio was calculated using peak current amplitude of pharmacologically isolated currents evoked by ventrobasal thalamic stimulation. Other methods are given in SI Materials and Methods.
EM. P9 mice were perfused with 2% paraformaldehyde and 2% glutaraldehyde; L4 in S1 was dissected and processed for postembedding immunogold EM using a freeze substitution protocol (47) . Ultrathin sections were immunolabeled with anti-Sema7A alone or with anti-GAD67, followed by relevant secondary antibodies conjugated with 6-or 10-nm gold (Aurion) and counterstained with 4% uranyl acetate and 1% phosphotungstic acid (Sigma).
